Myelin is one of the few biological membranes to contain the lipid galactocerebrosides, although their role in myelin is unclear. To explore its structural role, we used fluorescence and atomic force microscopy (AFM) to study nonhydroxy galactocerebrosides (NCer) at the air-water interface of a Langmuir-Blodgett trough. Fluorescence microscopy at the air-water interface indicated that NCer forms micrometer scale domains of varying radii with six fractal-like extensions. Atomic force microscopy using TappingMode in water on samples transferred to mica confirmed the fractal-like domain structure in the absence of dye and showed that the domains consisted of many aggregated nanotubes with a diameter of 30 nm. The Hausdorf fractal dimension was estimated to be 1.26 and 1.11 for two domains imaged with AFM. This evidence indicates that NCer forms a bulk phase of nanotubes at the air-water interface, unlike the liquidcondensed phase of a phospholipid monolayer. That NCer forms bilayer nanotubes that aggregate strongly suggests NCer helps maintain the stability of myelin by contributing to the curvature and adhesion of the membrane. We found that NCer appears to be decreased in myelin from multiple sclerosis normal appearing white matter, which could be an important event in the loss of myelin stability.
INTRODUCTION
Very few biological membranes contain significant amounts of galactocerebrosides. The most notable exception is the myelin membrane. Myelin is a lipid-protein bilayer that spirals around axons in the nervous system and promotes fast, efficient conduction of nerve impulses by acting as an insulator. Myelin is unusual compared to other biological membranes because it contains a much higher content of lipid, 70% by weight (Norton and Cammer, 1984) , a large portion of which are various forms of galactocerebrosides. The biosynthesis of galactocerebrosides restricts them to the extracellular side of membranes (Lannert et al., 1998) . In myelin this means that the local concentration of galactocerebrosides is doubled relative to the overall concentration at the important extracellular interface where myelin bilayers are wrapping (Linington and Rumsby, 1980) . The specificity, localization, and proportion in which galactocerebrosides occur in myelin suggest that they play an important role in that membrane.
Galactocerebrosides have an unusual chemical structure compared to other membrane lipids. Structurally, galactocerebrosides differ from phospholipids in that they contain a galactose headgroup rather than a phosphate, a sphingosine backbone as opposed to glycerol, and a high content of long chain saturated and monounsaturated fatty acids (Fig. 1) . The sphingosine molecule typically contains 18 carbon atoms and one double bond with 2 of these carbons found in the backbone region and the other 16 forming one of the molecule's two chains. The second chain is a saturated or monounsaturated fatty acid linked to the sphingosine backbone by an amide linkage and typically contains 16 -24 carbon atoms. Thus this second chain is often up to 8 carbons longer than the sphingosine chain (Grant et al., 1990) . About 60 -75% of galactocerebrosides in myelin are hydroxylated at the alpha position of the second chain, the remainder being nonhydroxylated. It is the latter form, nonhydroxy galactocerebrosides (NCer), that we have found to be changed the most in myelin from multiple sclerosis (MS) normal ap-pearing white matter and is thus the focus of this atomic force microscope (AFM) study.
The molecular structure of galactocerebrosides gives rise to a number of interesting properties in bulk aqueous lipid solutions, in biological membranes, and at the air-water interface of a Langmuir trough. Galactocerebrosides have very high liquid crystalline phase transition temperatures as a result of extensive hydrogen bonding between galactose headgroups and limited acyl chain unsaturation (Ruocco et al., 1981) . Membrane galactocerebrosides exhibit complex polymorphic phase behavior as determined by X-ray diffraction and differential scanning calorimetry (Ruocco et al., 1981; Curatolo et al., 1977; Jackson et al., 1988; Haas and Shipley, 1995) . In biological membranes the chain length mismatch leads to interdigitation, which is expected to stabilize bilayers by keeping opposing monolayers in relative alignment and reducing lateral diffusion (Grant et al., 1990) . In myelin, galactocerebrosides have been found to exist in at least two domains of differing fluidity, as determined by magic angle spinning nuclear magnetic resonance spectroscopy (Montez et al., 1993) . There have been few Langmuir isotherm studies of galactocerebrosides (Quinn and Sherman, 1971; Johnston and Chapman, 1988; Slotte et al., 1993; Smaby et al., 1996a,b) . Galactocerebroside isotherms are highly dependent on the rate of compression and extend to calculated molecular areas too small for the molecules to exist as simple monolayers (Fig.  2) . This originally led to the conclusion that the molecules form a bilayer during compression . We present evidence here that galactocerebroside layers at the airwater interface are actually far more complex and show behavior that suggests they contribute to myelin adhesion and stability.
Myelin is recognized as foreign by the immune system and is destroyed in MS, leading to a variety of sensory and motor problems (Noseworthy, 1999) . MS is a complex autoimmune disorder, considered involving multiple genes (Seboun et al., 1999; Kalman and Lublin, 1999) , for which the antigenic component has not been determined. It has been determined that myelin disintegrates via a structural mechanism involving, first, loss of adhesion and swelling between myelin bilayers and second, the transformation of the swollen myelin into large vesicles which then appear to degrade into small vesicles (Genain et al., 1999) . Studies on various membranes have shown that lipids play important roles in controlling membrane fluidity, the preferred curvature of membranes, and intermembrane adhesion forces (Israelachvili, 1991) . We are exploring the roles lipids play in maintaining myelin structure and how changes in lipid composition may lead to a loss of myelin stability in demyelinating diseases such as MS.
MATERIALS AND METHODS

HPLC analysis of myelin lipids.
Cerebral frontal white matter tissue samples from three adults with MS and three adults with no neurological disease were provided and characterized by Dr. W. W. Tourtellotte of the VA Medical Center, Los Angeles. Samples were gender-, region-, and age-matched. Brain sections were evaluated with oil red O and hematoxylin and eosin for assessment of demyelination and identified as normal appearing (no evidence of myelin breakdown or infiltrating cells). Samples were obtained frozen and Formalin-free and stored at Ϫ70°C until use. Myelin was isolated from white matter using a standard sucrose density-gradient method (Norton and Poduslo, 1973) . Lipids were extracted from purified myelin using a modified Folch-Lees procedure (Folch et al., 1957) . The lipid composition of myelin lipid samples was determined by high-pressure liquid chromatography (HPLC) (Hewlett-Packard 1100 series with Alltech Associates, Inc. Macrosphere GPC-100 7U diol column) with an evaporative light scattering detector (Alltech Associates, Inc., Model 500 ELSD) as described elsewhere (Christie, 1985) .
Isotherm measurements and fluorescence microscopy. Type II (nonhydroxy fatty acids 98%) bovine brain galactocerebrosides (Sigma Chemical Co., St. Louis, MO) were used and for the remainder of this paper are referred to as NCer. Samples were doped with 1 mol% nitrobenzoxadiazole (NBD)-labeled phosphatidylcholine (Avanti Polar Lipids, Alabaster, AL) and dissolved in hexane:chloroform:ethanol (11:5:4) (Fisher Scientific, Pittsburgh, PA) at 0.4 mg/ml. The solution was deposited dropwise from a 25-l syringe (Hamilton Co., Reno, NV) (Nima Technology, Coventry, England) . Lipid films were observed while at the air-water interface using an Olympus fluorescent microscope with a 50ϫ super long working distance objective (Lake Success, NY) positioned over the Langmuir trough. Images were recorded on a super VHS videocassette recorder direct from a Cohu intensified monochrome CCD camera (San Diego, CA). Images were captured digitally with a Flashpoint 128 frame grabber (Integral Technologies Inc., Indianapolis, IN).
Langmuir-Blodgett deposition of NCer films onto mica. NCer was dissolved in hexane:chloroform:ethanol (11:5:4) at 2 mg/ml. The fluorescently labeled lipid was not added to this solution in order to exclude any possibility that it would perturb the lipid structure. This solution was deposited dropwise from a 100-l syringe to the ultrapure water subphase of a Nima 622 alternate layer dipper Langmuir-Blodgett trough with a maximum area of 1300 cm 2 . After allowing 5 min for solvent evaporation, compression was commenced at 20 cm 2 /min (corresponding to about 3 Å 2 /min/molecule). Pressure was held at either 20 or 35 mN/m by closing the barriers under software control as the lipid film was deposited. Samples for AFM were prepared by passing a freshly cleaved 25 ϫ 75-mm mica sheet (Ted Pella Inc., Redding, CA) vertically up through the NCer film at a speed of 2.5 mm/min. Samples were stored separately under ultrapure water and imaged within 72 h.
AFM imaging of NCer films on mica.
NCer films deposited on mica were imaged with AFM. A 1-cm square of the mica was cut and mounted with epoxy to a 13-mm-diameter steel disc. The NCer films were imaged using tapping mode in water with a Digital Instruments Multimode AFM equipped with a Nanoscope IIIa controller (Digital Instruments, Santa Barbara, CA). Sharpened silicon nitride probes (DNP-S tips, 100 m, narrow legs, from Digital Instruments, Santa Barbara, CA) at a resonant frequency near 8.5 kHz were used. A free RMS amplitude of about 0.7 V was typically used and maintained at a 0.4-V setpoint during imaging. Gains were typically set to 1.5 integral and 3 proportional. The scan rate was 1 Hz and the images were sampled at 512 ϫ 512 pixels. Figure 6 was acquired in air after the sample was thoroughly dried using scan parameters adjusted for imaging in air as follows: silicon probe (TESP, 125-m cantilever, Digital Instruments), frequency 381.8 kHz, free RMS amplitude 2.5 V, 1.8-V setpoint, gains 0.3 integral and 0.6 proportional, scan rate 2 Hz. Images were then plane fit and, on large scans, flattened to correct for sample tilt, "bow" introduced by piezo nonlinearity, and drift. Prolonged scanning of the same sample area for over 3 h did not affect the lipid structure.
Tip broadening correction calculation. The artifact introduced in AFM by tip broadening was estimated by: e ϭ 2 ϫ [r 2 Ϫ (r Ϫ h)
2 )] 1/ 2 , where e is the error in horizontal dimension, r is the average radius of the tip, and h is the height of the feature (Takeyasu et al., 1996) . In cases where h Ն r then the equation is no longer valid and instead the correction e ϭ 2 ϫ r was applied (Takeyasu et al., 1996) . The typical radius of DNP-S tips is 20 nm, thus giving corrections in the range of 35-40 nm for the features observed.
Estimation of fractal dimension. The fractal dimension, D, of the domains was estimated using the box counting technique (Birdi, 1993) . This method was validated against a fractal of known dimension, the Koch snowflake (D ϭ log(4)/log(3) Ϸ 1.262) (Mandelbrot, 1983) . A grid with box side length, l, was placed over an image of the boundary of a domain. For a box length side l, we denote by x ϭ 1/l the "precision" of the grid. The number of boxes in the grid, N, containing even one pixel of the boundary was counted. This procedure was repeated for seven values of box length of decreasing size. The number of nonempty boxes, N, asymptotically approaches the dependence
RESULTS
A number of changes in lipid composition were detected with HPLC in myelin from MS normal appearing white matter compared to controls (Table I ). The largest change was a 45% decrease in NCer. None of the changes were statistically significant, likely due to the small number of samples and the sample variability caused by the random nature of the disease. The unusual thermodynamic properties of NCer have been studied rather extensively. It is not clear from these studies, however, how decreases in NCer affect intact myelin. The current AFM study seeks to clarify this point by focusing on the structural characteristics of NCer.
Prior to transferring the NCer film from the airwater interface of the Langmuir trough to a solid substrate for AFM imaging, fluorescence microscopy was used to image galactocerebrosides while the film was still at the air-water interface of the Langmuir trough. An isotherm of surface pressure versus calculated area per molecule was measured as the fluorescence images were acquired (Fig. 2) . Note that the isotherm extends below a calculated molecular area of 40 Å 2 , the minimum packing limit for a saturated diacyl lipid. The pressures chosen for evaluation with AFM, 20 and 35 mN/m, were chosen because they occurred after the first and second kinks in the isotherm. Isotherms were also measured for the NCer films compressed before transfer onto mica (Fig. 2) . b Chemical composition of the two sphingomyelin peaks is not fully identified but the first peak is likely to contain primarily short chain (fewer than 20 carbons) sphingomyelin species, while the second peak is mostly the longer chain species, based on comparison with similar thin-layer chromatography results (Wood and Holton, 1964) . The peaks do not represent the hydroxy and nonhydroxy forms of sphingomyelin since the hydroxy form does not exist in brain (Karlsson et al., 1998) .
Fluorescence microscopy images of a galactocerebroside film at the air-water interface at 22°C are presented in Fig. 3 . Domains with six fractal-like branches are present at all pressures. Domains were present from the very beginning of the isotherm compression (Fig. 3A) and did not correspond to the kinks in the isotherms (Fig. 2) . The domains existed in a variety of sizes (Fig. 3B ) but each domain did not grow as the surface pressure increased. Rather than growing as the film was compressed, the domains instead packed closer together and ultimately became distorted at high surface pressures (Figs. 3C  and 3D ). At very high pressures, the film collapsed into the water subphase, even before the domains coalesced (Fig. 3D) .
AFM studies of NCer films deposited onto mica also showed the six-branched fractal-like morphology and domain distortion at high surface pressures (Figs. 4A and 4B ). This agreement with fluorescence microscopy data confirmed that the film was not altered when deposited onto the mica support. Likewise, agreement between the two techniques confirmed that the fluorescently labeled lipid used for contrast in fluorescence microscopy did not cause the domain formation via phase separation or any other process since the lipid film used for AFM did not contain the fluorescently labeled lipid. AFM, however, also revealed a unique nanoscale structure to these domains. Unlike phospholipids, which form a true monolayer at the air-water interface, galactocerebrosides formed rod-like structures that aggregated into domains. Outside the domains the rods lay relatively parallel in flat sheets on the mica (Figs. 4C, 4D and 5) . Inside the domains, the rods extended about 30 -40 nm above the surrounding rods (Fig. 4E) and further organized into a basketweave-like structure at the higher surface pressure of 35 mN/m (Figs. 4F and 6 ). This interwoven structure could stabilize the micron domain structure and help to prevent domain collapse at higher pressures. The rods inside the domains appear to be larger than the rods outside due to the tip broadening effect of AFM. This effect is due to the finite size of the AFM tip and is exaggerated at greater heights and where features are separated enough to be imaged individually, such as inside the domains (Takeyasu, 1996) . After the appropriate correction of 35-40 nm all rods measured approximately 30 -35 nm in diameter and ranged from 0.2 to 1 m in length. Figure 6 shows a bundle of these rods. Here the rods are aligned side by side; thus the height difference is very low and the rods measure their correct diameter of about 30 nm.
The galactocerebroside structure changes dramatically if allowed to dry on the mica before imaging (Fig. 7) . This image shows that the rods and lattice inside the domain have completely collapsed into flat, nearly homogeneous patches approximately 1 nm in height while preserving the microscopic sixbranched shape of the original domain.
DISCUSSION
NCer thus exists in two distinct levels of organization: the first its aggregation into rod-like structures and the second the organization of these rods into micrometer scale fractal-like domains. The rodlike NCer structures formed at the air-water interface are most likely single bilayer nanotubes based on their diameter of 30 nm. They are too large to be cylindrical micelles since galactocerebrosides are known to have a bilayer thickness of 5.5-6.5 nm (Marsh, 1990 ) and the structures have no visible seam to indicate a cochleate (spiraled bilayer) structure. There have been electron microscopy reports of nanotube formation by various galactocerebrosides in bulk solution with sizes that varied between 25 and 150 nm in diameter and up to 10 m in length (Archibald and Mann, 1994; Goldstein et al., 1997; Kulkarni et al., 1999) . Our dimensions obtained with AFM are within this range. Depending on the method of preparation, a number of structures besides nanotubes have also been observed (Archibald and Mann, 1994; Goldstein et al., 1997; Kulkarni et al., 1999) for which a general theory of formation has been derived (Selinger et al., 1996) . However, no micrometer scale organization of these various nanostructures has been reported.
Fluorescence microscopy is commonly used to image two-dimensional phase transitions in lipid monolayers on the surface of the trough where different phases represent different molecular tilt angles or packing of the lipid molecules. Dark domains generally indicate a liquid-condensed phase in lipid monolayers (Knobler, 1990; Stine, 1994) . Fractallike lipid domains have been previously observed with fluorescence microscopy in phospholipid monolayers. These domains, however, result from highly nonequilibrium compression of the phospholipid monolayer (Miller and Mohwald, 1987; Miller et al., 1986) . When pressure was held constant, the micrometer scale fractal-like domains annealed under the influence of edge tension and formed circular domains (Miller and Mohwald, 1987; Miller et al., 1986) . In contrast, domains formed in NCer films even at low compression speeds did not anneal with time. Although appearing similar on the micrometer scale with fluorescence microscopy, the nonequilibrium phospholipid domains are distinctly different from the NCer nanotube domains presented here.
The fluorescence microscopy evidence showed that the NCer domains did not form as a result of a conventional two-dimensional transition in a monolayer. In the case of true lipid monolayers the liquidexpanded to liquid-condensed phase transition in monolayers is indicated by the nucleation of small liquid-condensed domains at the start of a plateau in the isotherm. As the monolayer is compressed the domains grow and the ratio of the liquid-condensed phase to the liquid-expanded phase increases. At the end of the plateau the phase transition is complete and the entire monolayer is in the liquid-condensed phase and appears uniformly dark under the fluorescence microscope (Knobler, 1990; Mohwald, 1990) . In contrast, we observed nucleation of domains at very low surface pressures, which preceded the plateaus in the isotherm (Fig. 3A) . Although the domains existed in a variety of sizes (Fig. 3B) , they did not grow as the film was compressed. Instead, the domains packed closer together, maintaining clear fractal-like boundaries rather than coalescing into a homogeneous phase. In summary, the very small calculated molecular areas to which the isotherms extended (Fig. 2) , the fluorescence microscopy data (Fig. 3) , and the AFM data (Figs. 4 -6 ) conclusively indicated that the NCer film is not a true two-dimensional monolayer but rather a very thin solid bulk phase.
The formation of a bulk NCer phase is explained by its very low equilibrium spreading pressure (͟ eq ). This is the surface pressure at which a monolayer is in equilibrium with a crystal of the pure lipid. Theoretically, isotherms in true equilibrium will not extend to pressures above ͟ eq . In practice, isotherms often do exceed ͟ eq by forming a metastable monolayer that appears stable on a time scale of minutes or even hours (Mohwald, 1990; Gaines, 1966) . NCer fails to form a metastable monolayer and instead assembles into a bulk phase of nanotube aggregates almost immediately after deposition. The formation of nanotubes also explains the low calculated molecular areas in the isotherms (Fig. 2) since a hollow bilayer tube requires more molecules than a monolayer covering the same cross-sectional area. In addition, some of the NCer forms a true monolayer that exists among the lipid nanotubes. This monolayer accounts for the fluorescent background observed in Fig. 3 and contributes to the isotherm shown in Fig. 2 . The features in the isotherm likely reflect a complex coupling of the true thermodynamic properties of the monolayer and whatever microstructural changes are occurring in the nanotube structures. The pressure exerted by such a monolayer may also explain why the domains never push completely together before the film collapses (Fig. 3D) . The fluorescently labeled lipid is excluded from the nanotubes because of its low solubility in ordered lipid phases and remains only in this monolayer. The fluorescently labeled lipid was confirmed by AFM not to be responsible for the domain formation because NCer films for AFM were prepared without the fluorescently labeled lipid (Figs. 4 -7) .
The rapid speed at which the domains form ( Fig.  3A) suggests that they form via aggregation of previously formed nanotubes rather than molecular level growth of nanotubes within the domains. This is consistent with our AFM data obtained on a dried sample (Fig. 7) . Although the inside of the domains appears less dense in Fig. 4 , Fig. 7 clearly shows that many nanotubes have aggregated in the domains and relatively few rods have remained in the exterior. This model where loosely packed nanotubes aggregate is also consistent with the many instances seen in Fig. 3 where three nanotubes come together to form a triangle within the domains. These triangular structures are likely the origin of the six-branched fractal structure.
Fractal patterns are commonly characterized by their fractal dimension, D, which is, in simple terms, a measure of the complexity of the pattern. Two representative NCer domain images from AFM were analyzed and found to have fractal dimensions of 1.26 and 1.11. This is lower than the value obtained by Miller et al. for a phospholipid domain of 1.5 (1986) and considerably lower than values calculated for fractals formed purely by diffusion-limited aggregation in two dimensions of 1.66 and 1.715 (Witten and Sander, 1983; Tolman and Meakin, 1989) . The lower fractal dimension of the NCer domains indicates they are less complex and have less branching than typical fractals formed by diffusionlimited aggregation. Little has been done to model the diffusion-limited aggregation of nonspherical particles, but experimental evidence indicates that particle shape does not affect fractal dimension since rod-like particles yield structures with fractal dimensions in and near the predicted range of 1.66 -1.715. (Brunner et al., 1997; Vincze et al., 1997) . A more likely explanation for the low fractal dimension of the NCer domains is the presence of longrange interactions between the nanotubes during aggregation. Hurd and Schaefer (1985) proposed that a repulsive electrostatic interaction was responsible for the low dimensionality of their twodimensional system of aggregating charged silica microspheres. This suggestion lead to a number of theoretical works using simulations to examine the effect of long-range interactions on diffusion-limited aggregation. Though their methods and findings vary, they agree that long-range interactions can act to reduce the dimensionality of fractals grown by diffusion-limited aggregation (Jullien, 1985; Block et al., 1991; Meakin and Muthukumar, 1991) .
Our observations indicate that NCer has particular properties of biophysical significance. First, the tendency of NCer to form nanotubes indicates that it has a strong preference to form membranes with high curvature. The other lipids in myelin evidently counteract this preference since myelin is a membrane of relatively low curvature. A disruption of this balance between lipid shapes could, however, cause a change in myelin stability. Second, the aggregation of NCer nanotubes is indicative of strong intermembrane adhesion. In cases where the nanotubes are aligned parallel (Fig. 6 ) they adhere to one another strongly. We are unable to calculate the magnitude of this adhesion, but it is strong enough that the AFM tip is unable to separate the tubes even at high forces in contact mode. Attempts to do so have destroyed the entire bundle of nanotubes before any separation was observed (data not shown). This suggests that the NCer localized on the extracellular side of the myelin bilayer contributes a strong attractive force that may help maintain myelin stability.
Earlier studies of MS myelin lipid composition have reported variable results (Cumings, 1953; Gerstl et al., 1961; Davidson and Wajda, 1962 ; Cum- ings and Goodwin, 1968; Clausen and Hansen, 1970; Gerstl et al., 1970; Alling et al., 1971; Rinne et al., 1972; Gopfert et al., 1980; Husted et al., 1994) . This is due not only to technological limitations in the analysis of the complicated lipid mixture from myelin, but also to the random occurrence of myelin changes throughout the brain and spinal cord with regard to both position and time in MS. Thus, even carefully matching samples according to age, gender, region, and histology may do little to reduce sample variability. Here we have used HPLC with an evaporative light scattering detector. The improved efficiency of the separation and increased sensitivity of the detector over previous techniques allowed us to reproducibly separate and quantify the major myelin phospholipids, sphingolipids, and cholesterol without sample derivatization. This HPLC analysis provided an indication of the very early changes to myelin lipids in the demyelination process in MS, the structural significance of which was the focus of this paper.
We have obtained the first reproducible AFM images of the unique structure of myelin NCer at several length scales. This is the first known report of lipid nanotube formation at the air-water interface and the subsequent self-assembly of lipid nanotubes into complex fractal-like domains. Although myelin proteins are often considered responsible for the compact spiraled structure of myelin, our AFM results indicate that galactocerebrosides themselves are likely critical in determining the stacked membrane structure, given their preference to form tubular structures that aggregate strongly (Fig. 6) . Therefore, the decrease in galactocerebroside content may be one of the important early events in the loss of myelin membrane integrity in MS.
